Bacteriophages are the most abundant biological entities in the biosphere, and this dynamic and old population is, not surprisingly, highly diverse genetically. Relative to bacterial genomics, phage genomics has advanced slowly, and a higher-resolution picture of the phagosphere is only just emerging. This view reveals substantial diversity even among phages known to infect a common host strain, but the relationships are complex, with mosaic genomic architectures generated by illegitimate recombination over a long period of evolutionary history.
B
acteriophages are the dark matter of the biological world (1); a vastness of ill-defined genetic variation whose impacts we observe on the microbial population but of which we have little understanding. The phage population is estimated to contain approximately 10 31 particles and is highly dynamic, with the population turning over every few days. Moreover, this rolling boil of evolution has been churning away for perhaps two billion years or more, giving rise to fantastic genetic diversity (2, 3) .
It is noteworthy that these estimations of phage population size and turnover emerged primarily from observations made with water samples that are simple to collect and quantify (4) . Although terrestrial environments may contribute a relatively minor part of the total numbers of phage particles in the biosphere, prokaryotic diversity in soil samples is very high (5) , which is anticipated to be reflected in the companion phage populations. Quantifying the phage populations in soil and terrestrial samples can be tricky, but phages are estimated to be present at levels approaching 10 9 particles per gram of soil (6) .
Two key approaches to defining viral diversity are metagenomics of total concentrated phage samples collected from the environment and a genome-by-genome strategy of analyzing individually isolated phages. The two approaches are compatible but have distinct outcomes. Metagenomics generates a large amount of sequence data and provides good indicators of diversity. Analysis of individually isolated phages generates smaller data sets, but they are structured into whole genomes. Because phage genomes are architecturally mosaic, the availability of complete genomes contextualizes the complexities of the relationships among phages (7) . Moreover, individual phages are available for genetic, biochemical, and microbiological analyses, a critical resource given the evident functional and regulatory novelty within the phage population. Metagenomics typically does not offer a confident linkage between viral sequences and potential bacterial hosts, although methods for enrichment with particular hosts have been described (8) . For individually recovered phages, host ranges can be defined empirically.
Perhaps not surprisingly, phage diversity is sufficiently high that phages infecting phylogenetically distant hosts share little genetic information (9) . The question then arises as to what is the diversity of viruses that infect a single host strain, in which they can be assumed to be in direct genetic contact with each other. Progress has been made in addressing this question using the host Mycobacterium smegmatis mc 2 155 and phages isolated from soil and other environmental sources, and integrated research and education programs have rapidly advanced the field (7). The collection of individual mycobacteriophages has grown to about 850 (http://phagesdb.org), of which 627 have been comparatively analyzed (7) . Some of these phages share extensive nucleotide sequence information, and this has been used to assort them into clusters (e.g., cluster A, B, C, etc.), some of which can be readily subdivided into subclusters (e.g., subcluster A1, A2, A3, etc.). The 627 genomes form 20 clusters (A to T) and eight singletons (phages with no close relatives), but with a highly skewed distribution, with 50% of the phages within two major clusters (A and B), although both span considerable diversity and many subclusters. Although assortment into clusters and subclusters is practical and recognizes the close relationships among some of the phages, the cluster and subcluster divisions clearly do not represent firm boundaries that prevent genetic exchange. The population thus generally appears as though it spans a continuum of genetic relationships, albeit with some phage types more prevalent than others, a different conclusion than was drawn from a metagenomic analysis of a single sample of Synechococcus phages (10) . Interestingly, rarefaction analysis of mycobacteriophage gene contents suggests that this population is not closed and that sequencing new phage isolates will continue to reveal new genes (7). Enterobacteriophages can be similarly grouped into clusters according to nucleotide sequence similarity, suggesting that these relationships reflect a broader feature of phage populations (11) .
What is the basis for all this diversity? And if the phages isolated on M. smegmatis are all in direct genetic contact with each other, why isn't mosaicism more prevalent at the nucleotide sequence level? We hypothesize that the phage population is migratory and moves across the microbial landscape relatively rapidly provided that two conditions are met (12): first, that there is a highly diverse bacterial population without large phylogenetic spaces between bacteria, and second, that the phages can mutate relatively rapidly to move from one host to another (12) . At least for the soil/compost samples from which many of the mycobacteriophages have been isolated, both parameters are satisfied (12) . Thus, phages that have closely related sequences have followed similar paths across the microbial landscape, accessing similar hosts and sampling similar parts of the microbial gene pool. Phages in different clusters, for example, would have taken very different paths using different hosts and thus are accessing different subsets of the gene pool. In this model, the reason why phages do not show more extensive nucleotide sequence mosaicism is that they have likely only "arrived" at the use of M. smegmatis as a host in relatively recent evolutionary time. The mosaic relationships are clearly evident from amino acid sequence comparisons, where more distant and older relationships are revealed (7) .
This model supposes that, provided that richness of bacterial hosts is available, phages can skate across the microbial landscape faster than their genomes can acquire the sequence biases and characteristics of any given bacterial host. Thus, in addition to the diversity in sequence information, there is considerable variation in mycobacteriophage percent GC (GC%) content, ranging from 50% to 70%, compared to that in M. smegmatis, which is 67.3% (7) . In this view, the GC% composition along with associated codon usage biases do not necessarily reflect that of a known host, but reflect the variety of hosts encountered in their evolutionary past. Mycobacteriophages such as Patience, with a GC% of 50.3%, thus likely evolved through environments where it encountered hosts with moderate GC% contents and only recently migrated to higher-GC% mycobacterial hosts (13) . Given the disparity between the GC% contents of Patience and its mycobacterial hosts, it is not surprising that their codon usage profiles are markedly different too. The mycobacteria in general have limited repertoires that include only about 44 tRNAs, and 15 of the 16 5=-NNU codons are read by wobble base pairing; these codons are also used rarely. In contrast, there are nine codon sets in Patience where 5=-NNU is the most commonly used codon. Patience grows perfectly well and to high titer in M. smegmatis, so this has little impact on its growth and replication. Conceivably, Patience could easily manage this codon nonoptimization by acquisition of the cognate tRNA genes, but this is not the case, and Patience encodes only a single tRNA Gln . Interestingly, some mycobacteriophages do have large sets of tRNA genes spanning almost the entire genetic code (1, 14) , perhaps reflecting passage through hosts in which either these were needed for efficient expression or to counter antiphage tactics. Patience, however, has clearly not responded by tRNA acquisition. Identification and semiquantification of Patience gene products by liquid chromatography tandem mass spectrometry (LC-MS-MS) show a correlation between expression levels and codon usage bias, with more highly expressed genes having codon usage that is more similar to that of M. smegmatis (13) . This is consistent with Patience being in the process of adapting to its higher-GC% mycobacterial hosts and aligns well with the general model for evolution of diversity described above. Patience does not infect any other hosts that have been tested, including moderate-GC% corynebacteria, and the genome space of actinobacteriophages is sufficiently sparse that it is little surprise that no other phages genomically related to Patience have been identified.
The general diversity of the phage population is reflected in the large number of novel genes that are unrelated to extant GenBank entries, and most genes are of unknown function. For the vast majority of the mycobacteriophages with siphoviral morphologies, the virion structure and assembly genes are syntenically conserved such that gene functions can be predicted even in the absence of sequence similarity (15) . Mycobacteriophage genome lengths vary considerably (40 to 160 kbp), but the coding requirements for the virion structure and assembly genes are similar (20 to 25 kbp); thus, the size of the nonstructural genome segments is variable and appears to be a veritable playground for genetic exchange of small (average of 470 bp) genes of unknown function, presumably by a process of illegitimate recombination (9) . Confident annotation of these genes can be tricky because of the small size of the genes, although there is good evidence that they are biologically relevant and not just pseudogenes, not only because of a plethora of examples of mosaicism (Fig. 1) , but because many of the gene products were identified by LC-MS-MS of Patience-infected cells.
What do all these phage gene products do? This is a much tougher question to address than the simpler discovery aspects of genome diversity. For the mycobacteriophages, a simple methodology for constructing defined non-polar-knockout mutants (16) showed that about two-thirds of the nonstructural genes are not required for lytic growth, and DNA replication roles could be assigned to at least two genes that were of unknown function (17) . In view of the model for phage evolution described above, it is plausible that many of the genes were acquired in response to some particular need for growth in a host recently visited in their evolutionary past but not currently under selection for growth in M. smegmatis. In addition, because of the constant battle for survival between bacteria and their phages, there is likely to be a strong selection for phage acquisition of genes that confer protection from infection by other phages. Thus, phages encode restriction modification systems and clustered regularly interspaced short palindromic repeats (CRISPR) loci (18) , and in the mycobacteriophages we see examples of immune mimicry (15) . It is plausible that many other genes are involved in either countering host defense mechanisms, including anti-CRISPR activity (19) , or protection from invasion (15) .
Phages are likely to continue to be of considerable broad interest, not only because of their roles in global environmental cycling and bacterial pathogenesis, but because of their potential therapeutic use in a world in which antibiotic resistance is becoming ever more prevalent. Moreover, phage biodiversity can be readily tapped for biotechnological exploitation. It is noteworthy that two major biotechnological developmentsrestriction enzymes and CRISPRs-evolved as mechanisms for bacterial resistance to phage assault, and it is tempting to speculate that there are similar unidentified systems that may find similar broad biotechnological applications. The rich genomic information to be found in phages thus adds substantial fuel to this biotechnological fire.
What's ahead in phage genomics? Even with recent progress, we have barely scratched the proverbial surface of phage diversity, and the total phage sequence information is over 1,000-fold less than the total bacterial genome sequence information. The approximately 2,000 completely sequenced double-stranded DNA phage genomes have a median representation of two phages per host, and given the numbers of available bacterial host species (millions?) and the phage diversity on a single strain of one species, there is much darkness to be illuminated. Integrated research and education programs focusing on phage discovery and genom-ics can be expected to continue to assist in the isolation and comparative genomics of novel bacteriophages (20) , and we anticipate a rich gold mine of new insights into bacteriophage diversity in the coming years.
